Management practices such as fertilizer or tillage regime may aff ect nitrous oxide (N 2 O) emissions and crop yields, each of which is commonly expressed with respect to area (e.g., kg N ha −1 or Mg grain ha −1 ). Expressing N 2 O emissions per unit of yield can account for both of these management impacts and might provide a useful metric for greenhouse gas inventories by relating N 2 O emissions to grain production rates. Th e objective of this study was to examine the eff ects of long-term (>17 yr) tillage treatments and N fertilizer source on area-and yield-scaled N 2 O emissions, soil N intensity, and nitrogen use effi ciency for rainfed corn (Zea mays L.) in Minnesota over three growing seasons. Two diff erent controlled-release fertilizers (CRFs) and conventional urea (CU) were surface-applied at 146 kg N ha −1 several weeks after planting to conventional tillage (CT) and no-till (NT) treatments. Yield-scaled emissions across all treatments represented 0.4 to 1.1% of the N harvested in the grain. Both CRFs reduced soil nitrate intensity, but not N 2 O emissions, compared with CU. One CRF, consisting of nitrifi cation and urease inhibitors added to urea, decreased N 2 O emissions compared with a polymer-coated urea (PCU). Th e PCU tended to have lower yields during the drier years of the study, which increased its yield-scaled N 2 O emissions. Th e overall eff ectiveness of CRFs compared with CU in this study may have been reduced because they were applied several weeks after corn was planted. Across all N treatments, areascaled N 2 O emissions were not signifi cantly aff ected by tillage. However, when expressed per unit yield of grain, grain N, or total aboveground N, N 2 O emissions with NT were 52, 66, and 69% greater, respectively, compared with CT. Th us, in this cropping system and climate regime, production of an equivalent amount of grain using NT would generate substantially more N 2 O compared with CT.
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Fertilizer Source and Tillage Eff ects on Yield-Scaled Nitrous Oxide Emissions in a Corn Cropping System
Rodney T. Venterea,* Bijesh Maharjan, and Michael S. Dolan C orn production consumes more than 40% of all N fertilizers applied to crops in the United State and therefore represents the largest single source of soil N 2 O emissions relative to other crops (ERS, 2011) . Although reduction in N fertilizer application rates may be an eff ective means of reducing N 2 O emissions, this may come at the cost of decreased yields depending on the level of fertilizer input before any change (Millar et al., 2010) . Alternative practices that could reduce N 2 O emissions without necessarily reducing N inputs or crop yields have also been considered, such as optimization of fertilizer source (e.g., Halvorson et al., 2010a) or modifi cation of tillage regime (Omonode et al., 2011) . However, the eff ectiveness of these practices in reducing N 2 O emissions may vary depending on local soil and other conditions (Akiyama et al., 2010) . Also, alteration of crop yields resulting from any change in management practice needs to be considered. As world demand for agricultural products continues to increase, a focus on reducing area-scaled N 2 O emissions without considering emissions per unit of crop yield may simply serve to displace any lost production and its associated emissions to another location or cropping system. To minimize the overall greenhouse gas (GHG) impact of agriculture while increasing crop production, the amount of N 2 O emitted per unit of crop production needs to be considered (Van Groenigen et al., 2010) . Th ere have been only a few studies that have directly reported yield-scaled emissions in corn or other cropping systems (Gagnon et al., 2011; Halvorson et al., 2010a; Wei et al., 2010) .
Modifi cation of tillage regime remains one of the most commonly proposed practices for mitigating the GHG impact of agricultural production due to its potential for sequestering soil carbon and decreasing energy consumption (e.g., Woods et al., 2010) . Several studies over the past three decades have addressed the question of whether reduced tillage (RT) increases or decreases N 2 O emissions, with highly mixed results (i.e., no till [NT] or RT has been found to increase, decrease, or not aff ect N 2 O emissions compared with conventional tillage [CT]) (reviewed by Rochette et al., 2008c) . Similar to its eff ects on N 2 O emissions, RT has been shown to have contrasting eff ects on grain yields depending on soil, climate, or other factors (e.g., Grandy et al., 2006; Vetsch et al., 2007) .
A major challenge in managing N for corn production is that soil N availability is not easily synchronized with crop N demand because corn's demand for N is minimal early in the growing season and increases several weeks after emergence (Olson and Kurtz, 1982) . Th us, although it may be most convenient or cost-eff ective to apply N fertilizer before planting or soon after emergence, these practices increase the potential for soil microbial and chemical processes to transform the applied N into N 2 O and other highly mobile forms such as NO 3 − . Sidedress fertilizer applications, which are timed to coincide with later plant growth stages, may partly alleviate this problem (Scharf et al., 2002) . Improved synchrony may also be achieved with fertilizer products designed to release N more slowly over the course of the season (Halvorson et al., 2010a) . Th e combined use of sidedress timing and controlled-release products may further reduce the potential for N 2 O emissions, but there have been few if any studies examining this combination of practices.
Th e objectives of the current study were (i) to determine area-and yield-scaled N 2 O emissions in long-term CT and NT corn plots that received sidedress applications of conventional urea and two diff erent types of controlled-release fertilizers (CRFs) over three consecutive growing seasons and (ii) to examine tillage and fertilizer source eff ects on soil NH 4 + and NO 3 − levels, grain and N yields, and nitrogen use effi ciency.
Materials and Methods

Site Description and Experimental Design
Th e site is located at the University of Minnesota's Outreach, Research, and Education Park in Rosemount, MN (44°45′ N, 93°04′ W), where the soil is a naturally drained Waukegan silt loam (fi ne-silty over skeletal mixed, superactive mesic Typic Hapludoll) with sand, silt, and clay contents of 220, 550, and 230 g kg −1 , respectively, and organic carbon of 26 to 30 g C kg −1 in the upper 0.2 m. Mean annual precipitation and temperature are 879 mm and 6.4°C, respectively (MCWG, 2011) . A long-term study was established in 1990 using a randomized complete block design with crop rotation and tillage intensity as the main treatments in each of three blocks. Previous fi ndings from this site have been reported by Venterea et al. (2005 Venterea et al. ( , 2006 Venterea et al. ( , 2010 . Th e current study examined the corn phase of the corn-soybean rotation at two levels of tillage intensity. Th e plots used each year were rotated to follow the corn crop (diff erent sections of the same plots were examined in 2008 and 2010) . No measurements were made in the plots while they were planted to soybean. Emissions of N 2 O from soybean at this site during 2005 and 2006 were reported by Venterea et al. (2010) .
Tillage treatments included (i) CT, which used fall moldboard plowing following corn, fall chisel plowing, or diskripping following soybean, with spring pre-plant cultivation before corn and soybean, and (ii) continuous no-till (NT). Corn (37L11; Pioneer, Mankato, MN) was planted in all plots at seeding rates of 79,000 ha −1 on 9 May 2008, 5 May 2009, and 6 May 2010 using a John Deere model 7100 MaxEmerge planter. Row cleaning coulters (Yetter Mfg., Colchester, IL) were used in the NT treatments to produce a more desirable seed bed. Liquid starter fertilizer was applied within 5 cm of the seed row at planting at 4.5, 9.0, and 4.5 kg ha −1 of urea-N, P, and K, respectively. Additional P and K fertilizers were applied periodically to the entire plot areas (last application in May 2006). After planting in 2008, 2009, and 2010 , each of the main plots was subdivided into four 5-m × 5-m subplots for fertilizer treatments, which were assigned randomly within each main plot and consisted of (i) conventional granular urea (CU) (46% N w/w), (ii) polymer-coated urea (PCU) (44% N w/w) (ESN; Agrium Advanced Technologies, Loveland, CO), (iii) urea (46% N w/w) impregnated with the urease inhibitor (IU) N-(n-Butyl)-thiophosphoric triamide and the nitrifi cation inhibitor dicyandiamide, (Super U; Agrotain International, St. Louis, MO), and (iv) a control that received only the starter. Fertilizers were applied on 11 June 2008, 18 June 2009, and 10 June 2010 when the corn was at stage V4 to V6. In each case, fertilizer application was timed to minimize ammonia volatilization losses. In 2008 and 2010, fertilizers were applied before at least 17 mm of precipitation occurring within the next 12 h. In 2009, fertilizers were applied within 6 h after 11 mm of precipitation when the soil surface was very wet. All fertilizer products were hand-applied (broadcast) uniformly on the surface at 146 kg N ha . During application, the N 2 O fl ux chamber measurement areas (described below) were initially covered. After the initial application, separately weighed portions of product were applied within the chambermeasurement areas to ensure accurate application rates. One pre-emergence application of metolachlor and two post-emergence applications of glyphosate were made each year. No-till plots received additional glyphosate applications occasionally as needed. During the soybean phase, soybeans were planted in late May or early June and were harvested in mid to late October, with no N fertilizer applied.
Yields and Plant Nitrogen Content
At physiological maturity, corn ears were hand harvested from a total distance of 6.1 m in the middle two rows of each subplot. Grain was dried, shelled, and further dried and weighed to obtain dry grain yields. Stover was obtained by cutting plants just above the crowns for all plants where ears were removed. All stover was weighed, and six plants were subsampled and ground, dried, and weighed for moisture content. Grain and stover samples were further ground with a grinding mill and analyzed with an elemental N analyzer (VarioMax; Elementar, Hanau, Germany) for total N.
Nitrous Oxide Emissions
Soil-to-atmosphere N 2 O fl uxes were measured once per week starting in April and then twice per week once fertilizers had been applied until October of each year, for a total of 34 to 37 measurement dates each year. Stainless steel chamber anchors (0.50 m × 0.29 m × 0.086 m deep) and tops (0.50 m × 0.29 m × 0.102 m high) were used as described in detail by Venterea et al. (2010) . One chamber anchor was installed in each subplot, centered between rows of corn with the short side parallel to the row. Once fertilizers were applied, anchors were not moved for the duration of the growing season. Measurements were generally made during 1000 h to 1200 h local time when soil temperature in the upper 0.10 m was close to its daily mean value. For each measurement, tops were secured to anchors, and samples were collected after 0, 0.5, and 1 h using a 12-mL polypropylene syringe (in 2010, a fourth sample was collected after 1.5 h). Samples were transferred to glass vials sealed with butyl rubber septa (Alltech, Deerfi eld, IL) and analyzed within 1 wk using a headspace autosampler (Teledyne Tekmar, Mason, OH) connected to a gas chromatograph (model 5890; Agilent/ Hewlett-Packard, Santa Clara, CA) equipped with an electron capture detector. Th e system was calibrated daily using analytical grade standards (Scott Specialty Gases, MI). Chamber gas concentrations were converted from molar mixing ratio units (e.g., ppm) determined by gas chromatography analysis to mass per volume units (μg N m −3 ) assuming ideal gas relations using air temperatures measured during sampling. Gas fl uxes were calculated from the rate of change in N 2 O concentration, chamber volume, and surface area using linear regression or the quadratic model of Wagner et al. (1997) and using correction factors to account for suppression of the surface-atmosphere concentration gradient (Venterea 2010) . Th e quadratic model was evaluated using the LINEST function in Excel (v. 2007 ; Microsoft, Redmond, WA).
Climate and Soil Properties
Air temperature and daily precipitation data were obtained from a weather station l km from the site. Soil temperature was measured during each N 2 O fl ux measurement period using temperature probes (Fisher, Hampton, NH) inserted to the 0.05-m depth within 1 m of the chambers. Soil water content was determined on samples collected to the 0.10-m depth within 1 h of each fl ux measurement period by drying at 105°C. Additional soil samples were collected for analysis of extractable inorganic N and bulk density on a total of 11 dates in 2008, six dates in 2009, and eight dates in 2010. Soil samples were collected at three to six locations within each subplot from the 0-to 15-cm depth using a 19-mm ID soil core sampler (Oakfi eld Apparatus, Inc., Oakfi eld, WI). Sampling locations were randomly selected from within the center 0.38 m of the interrow region, avoiding areas aff ected by obvious wheel traffi c compaction. Cores from each depth were pooled, homogenized, and refrigerated before analysis. Subsamples (~10 g) were extracted in 2 mol L −1 KCl, fi ltered (Whatman no. 42), and stored (−20°C) until analysis for ammonium (NH 4 + )-N and the sum of nitrite (NO 2 − )-N and nitrate (NO 3 − )-N (referred to henceforth as NO 3 − ) using a fl ow-through injection analyzer (Lachat, Loveland, CO). Bulk density was determined from soil mass collected after drying at 105°C. Bulk density values were used together with gravimetric water content to estimate water-fi lled pore space (WFPS).
Data Analysis and Statistics
Nitrous oxide fl uxes measured on each sampling date for each subplot were used to estimate cumulative area-scaled N 2 O emissions using trapezoidal integration of fl ux versus time, which in eff ect assumes that fl uxes changed linearly between measurement dates. Fertilizer-induced emissions factors (FIEFs) were calculated by subtracting the mean growing season N 2 O emissions in the control treatments within the corresponding tillage treatment and year from the total cumulative N 2 O emissions in each fertilized treatment and expressing the result as a percentage of the fertilizer application rate (146 kg N ha −1 ). Yields of grain N and total aboveground N were determined from the grain and stover N contents and dry matter yields. Th ree diff erent indices of yield-scaled N 2 O emissions were calculated by dividing cumulative area-scaled emissions by (i) grain yield, (ii) grain N yield, and (iii) total aboveground N yield. Following Van Groenigen et al. (2010) , N surplus was calculated as total fertilizer applied minus above-ground N yield. To calculate N surplus for the fertilized treatments, we used the sum of the starter rate (4.5 kg N ha −1 ) plus the sidedress fertilizer rate (145 kg N ha −1 ), and for the control treatments, we used the starter rate. Relationships between N surplus and yield-scaled emissions reported by Van Groenigen et al. (2010) were examined using Proc Reg in SAS and SigmaPlot (v. 11, Systat Software Inc., Chicago, IL). Nitrogen fertilizer recovery effi ciency (NFRE) was calculated by subtracting the mean aboveground N yield in the control treatment within the corresponding tillage treatment and year from the total aboveground N yield in each fertilized treatment and expressing the result as a percentage of the fertilizer N application rate (Bock, 1984) . Soil N intensity was determined by trapezoidal integration of soil concentration versus time (Burton et al., 2008; Engel et al., 2010) separately for NO 3 − and NH 4 + and for the sum of NO 3 − and NH 4 + . Eff ects of year, tillage, and fertilizer source were determined using Proc Mixed in SAS with block, block-by-year, and block-byyear-by-tillage treated as random eff ects (SAS, 2003; Littell et al., 2006) . Unless otherwise indicated, means comparisons were applied when any fi rst-order or interaction eff ect was signifi cant at P < 0.05 using least squares means in Proc Mixed. Correlation coeffi cients (r 2 ) obtained using linear regression analysis with Proc Reg in SAS are reported (P < 0.05).
Results
Weather and Soil Moisture and Temperature
Cumulative precipitation amounts during April through September in 2008 and 2009 were 24 and 30% below the 30-yr average, whereas in 2010 it was 10% above the long-term average (Fig. 1a) . In 2010, the mean daily air temperature was considerably higher compared with the other 2 yr (Fig. 1c) . Soil WFPS at the time of N 2 O fl ux sampling generally was below 70%, except during periods of high-frequency rainfall events in 2009 and 2010 that resulted in WFPS values above 80% (Fig.  1b) . While 2009 had the least amount of total growing season precipitation, it also had the lowest average daily temperature (Fig. 1) . Th is factor, together with a cluster of rainfall events exceeding 20 mm in mid-July through mid-August, resulted in WFPS values at the time of gas fl ux sampling exceeding 70% for much of this period. Soil moisture content and bulk density tended to be higher under NT than under CT, which resulted in generally higher levels of WFPS. Diff erences in WFPS by tillage were signifi cant only at the P < 0.10 confi dence level and only in 2008 and 2009. Th ere were no signifi cant diff erences in soil moisture due to fertilizer source or in soil temperature due to tillage or fertilizer source, except that soil temperature tended to be lower in NT than CT early in the growing season (Fig. 1c) .
Yields and Nitrogen Use Effi ciency
All agronomic variables displayed signifi cant fi rst-order eff ects of year, tillage, and fertilizer when averaged across each of the other factors (Fig. 2) . Yields of grain, grain N, and aboveground N tended to be greatest in the year with the most growing season precipitation (2010), although the year with the least precipitation (2009) had greater grain yields than 2008 (Fig. 2a) . Th e overall NFRE was greater in 2010 than in 2008. Across all years and fertilizer treatments, yields were greater under CT compared with NT, but NFRE was greater under NT (Fig. 2b) . Across all years and tillage treatments, yields did not diff er among the three fertilized treatments (CU, PCU, or IU), which were all greater than the unfertilized control (Fig.  2c) . Th e NFRE was lower in the PCU compared with CU and IU treatments (Fig. 2c) .
Signifi cant year-by-fertilizer treatment interaction eff ects were found for grain, grain N, and aboveground N yields and for NFRE (Table 1) . Th e data in Table 1 indicate that 2009 was the only year in which any of the fertilizer treatments diff ered signifi cantly with respect to agronomic variables. In 2009, NFRE and yields of grain and total aboveground N were less in the PCU treatment than in the CU or IU treatments (Table  1) . Signifi cant tillage-by-fertilizer treatments interaction eff ects were found for grain, grain N, and aboveground N yields (Table 2) . Th e NT-control treatment had consistently lower yields across all three yield indices compared with any other treatment. In contrast, yields in the CT-control treatment did not vary from those in any of the fertilized NT treatments (Table 2) . Th e positive correlation between grain yields and growing season cumulative precipitation across the 3 yr was stronger in the NT treatment (r 2 = 0.73) compared with CT (r 2 = 0.20). Similarly, yields were more highly correlated (positively) with average daily air temperature in the NT system (r 2 = 0.68) compared with CT (r 2 = 0.16) across the 3 yr.
Nitrous Oxide Emissions
Daily N 2 O fl uxes increased within a few days after fertilizer application each year. Increases in N 2 O fl ux also occurred after major precipitation events in July and August of each year (Fig.  3-5 ). Increased fl uxes were observed for several sampling events during August 2009, particularly in the CT treatment, which occurred during the same period in which elevated WFPS was observed (Fig. 1b, 4) . In 2009, daily N 2 O fl ux in the CT fertilized treatments (excluding the control) was positively correlated with WFPS (r 2 = 0.30). On an area basis, N 2 O emissions did not diff er by year or tillage (Fig. 6a,b) . Area-scaled emissions were greater in the CU, PCU, and IU treatments compared with the control, and the PCU treatment had greater area-scaled emissions than IU (Fig. 6c) . Area-scaled emissions in NT averaged across all years and fertilizer treatments were 75 mg N m −2 (0.75 kg N ha ) in CT, although the diff erence was not signifi cant (P = 0.15). Th ere were no signifi cant year-or tillage-by-fertilizer interaction eff ects on area-scaled emissions (P > 0.38). Th e pattern of signifi cant diff erences with regard to fertilizer and tillage eff ects changed when emissions were expressed per unit of grain or grain N yield (Fig. 6b,c ; Table 2 ). Scaled by grain yield, emissions did not vary by fertilizer overall (Fig. 6c) but were signifi cantly greater in NT than CT across years and fertilizer treatments. Th ere was also a signifi cant tillage-by-fertilizer interaction eff ect, with the CT-PCU treatment having greater emissions than any other CT treatment and the NT-IU treatment having lower emissions than any other NT treatment (Table 2) .
Scaled by grain N yield, the overall fertilizer source eff ect was similar to that for area-scaled emissions, except that the IU treatment had lower emissions than the control (Fig. 6c) . Emissions per unit grain N were greater in NT than CT overall (Fig.  6b) . Emissions in the NT-control treatment were greater than in all other treatments and were greater in NT-CU and NT-PCU than all CT treatments except CT-PCU (Table  2) . Th e patterns of diff erences for emissions expressed per unit of aboveground N yield were identical to that for grain N, with NT having 69% greater emissions than CT (data not shown). Th e mean FIEF averaged across all treatments was greater in 2010 (0.42%) compared with 2008 (0.14%) and 2009 (0.17%). Th e FIEF in the IU treatment (0.16%) was slightly lower than in the CU (0.26%) and PCU (0.31%) treatments (P = 0.08). Values of FIEF did not diff er signifi cantly by tillage (data not shown). Linear correlation between N 2 O emissions and growing season cumulative precipitation across the 3 yr was stronger in the CT treatment (r 2 = 0.81) compared with NT (r 2 = 0.18). Similarly, emissions were more highly correlated with average daily air temperature in the CT system (r 2 = 0.77) compared with NT (r 2 = 0.22) across the 3 yr. Area-scaled N 2 O emissions, averaged by tillage-fertilizer treatment combination within each year, were positively and linearly correlated with N surplus (r 2 = 0.20). An exponential rise equation described the yield-scaled emissions data relatively well as a function of N surplus (r 2 = 0.58) but only when the NT-control treatment results from 2008 and 2009 were excluded from the analysis (Fig. 7) . Th e NT-control treatments in 2008 and 2009 had higher yield-scaled emissions than predicted by these relationships due to their particularly low grain yields (4.2 and 5.8 Mg ha −1 , respectively) and the fact that their area-scaled N 2 O emissions (0.71 and 0.57 kg N ha −1 ), indicating that more N fertilizer was applied than was recovered in the aboveground biomass. Th e NT-CU and NT-PCU treatments in 2008 also had the greatest yield-scaled emission, with the exception of the two outlier NT-control treatments (Fig. 7) .
Soil Inorganic Nitrogen Intensity
Soil NH 4 + and NO 3 − concentrations in the upper 0.15 m increased after fertilizer application each year (Fig. 8) . In 2009 and 2010, inorganic N levels tended to decline to pre-fertilizer levels over the remainder of the growing season, whereas in 2008, elevated soil NO 3 − (and to a lesser extent NH 4 + concentrations) persisted until at least the mid-September soil sampling event (Fig. 8a) . Th e persistence of soil inorganic N in 2008 may have been due to the persistent dry soil conditions (Fig. 1) , which may have inhibited its mobility. Th is resulted in signifi cantly greater NO 3 − and NO 3 − plus NH 4 + intensity in 2008 compared with 2009 and 2010 averaged across all fertilizer and tillage treatments (Fig. 6a) . Averaged across all years and fertilizer treatments, all three indices of N intensity were greater under CT compared with NT (Fig. 6b) , and, averaged across all years and tillage treatments, all three indices of N intensity were greater in the fertilized treatments compared with the control (Fig. 6c) . Across all years, NO 3 − intensity increased in the order Control < PCU < IU < CU, and NO 3 plus NH 4 + intensity increased in the order Control < PCU < IU = CU (Fig. 4c) . No measure of soil N intensity was significantly correlated with cumulative N 2 O emissions.
Discussion
Tillage Eff ecs
Averaged across all fertilizer treatments and all years, there was no signifi cant tillage eff ect on area-scaled N 2 O emissions in this study. However, when expressed per unit yield of grain, grain N, or total aboveground N, N 2 O emissions were 52, 66, and 69% greater, respectively, in NT compared with CT due to lower yields with NT. Averaged over 3 yr, yields in the fertilized treatments (CU, PCU, and IU) were 13% lower with NT than CT. Th e yield reductions were similar in 2008 (8.9%) and 2010 (9.5%) and greatest in the driest year, 2009 (18%). Similar corn grain yield defi cits under long-term NT have been reported in several studies and have been attributed to cooler soil temperatures in the spring, which may inhibit early-season plant development (e.g., Kaspar et al., 1987; Vyn and Raimbault, 1993; Vetsch and Randall, 2004; Vetsch et al., 2007; Halvorson et al., 2006) . In spite of yield defi cits, NT may be economically feasible because of decreased production costs (Archer et al., 2008) . In some cases, NT results in yield increases compared with CT (e.g., Grandy et al., 2006; Ismail et al., 1994) . In cases of yield increases, expressing emissions per unit yield would provide additional information to consider in evaluating overall GHG impacts. For example, Almaraz et al. (2009) found in 1 yr that N 2 O emissions were 35% greater with NT compared with CT in a clay loam in eastern Canada. However, because yields were also greater (by 17%) with NT in that study, the percentage increase in N 2 O emissions under NT would be only 15% expressed on a yieldscaled basis and may not have been signifi cantly diff erent than CT. In the current study, there was no signifi cant tillage eff ect on area-scaled emissions, but the trend (P = 0.15) was for greater emissions with NT. Although not statistically signifi cant, this trend is consistent with previous fi ndings showing greater area-scaled N 2 O emissions in NT compared with CT soils when N fertilizer is applied on or close to the surface (e.g., Venterea et al., 2005; Baggs et al., 2003; Ball et al., 1999) . In contrast, other studies in soils receiving subsurface-applied N fertilizers have shown lower N 2 O emissions under NT (e.g., Venterea et al., 2005; Omonode et al., 2011; Ussiri et al., 2009; Jacinthe and Dick, 1997) . Venterea and Stanenas (2008) used soil enzyme data and process modeling to explain this apparent fertilizer placement-by-tillage interaction as being due to greater potential N 2 O production in the upper 0.05 m and lower potential N 2 O production below 0.10 m in soil profi les of NT versus CT systems. However, not all studies have conformed to this trend of higher emissions with NT compared with CT when N was surface applied. For example, Halvorson et al. (2010b) found greater emissions from CT than NT when N fertilizer was surface banded and watered in after emergence. Other proposed explanations for contrasting results of previous studies have included interactions between soil and climate factors (Rochette et al., 2008a,c; Gregorich et al., 2005) and precipitation regime and/or duration of adoption (Six et al., 2004) .
Fertilizer Source Eff ects
Th e PCU and IU fertilizer products did not reduce areascaled N 2 O emissions compared with CU when all sources were applied as a single sidedress application several weeks after planting. Bronson et al. (1992) reported that urea with nitrifi cation inhibitors reduced N 2 O emissions compared with urea when fertilizers were subsurface applied 7 wk after planting corn. Most other studies showing less N 2 O emissions with CRFs compared with CU have used fertilizers applied earlier in the season (i.e., closer to planting or emergence) (Halvorson et al., 2010a,b; Delgado and Mosier, 1996) or using split applications with some applied at planting or emergence and additional amounts applied later in the seasons Jumadi et al., 2008; Hadi et al., 2008) . In the current study, there may have been less opportunity for microbial transformation of fertilizer N before the onset of signifi cant plant N uptake, and this factor may have decreased the potential benefi t of the CRFs to reduce N 2 O emissions. Th e PCU did not perform as well as urea impregnated with nitrifi cation and IU. Polymer-coated urea had signifi cantly lower grain and N yields than CU or IU in 2009 and slightly lower yields in 2008, both of which were drier than normal years. Th is combined with the greater area-scaled emissions translated into greater yield-scaled N 2 O emissions in PCU compared with IU and resulted in lower NFRE in 2009 and overall compared with CU and IU. Climate factors, including the timing of rainfall events in relation to plant N demand, are likely to be important in regulating the agronomic performance of PCUs because water is required for N release (Shaviv, 2000) .
We observed FIEFs in the range of 0.14 to 0.42% of the applied N, which is lower than most studies, which tend to average close to 1% (Stehfest and Bouwman, 2006) . Although the current study did not directly compare pre-plant versus post-plant N application timing eff ects, the timing of application may have helped to reduce N 2 O emissions. Th e mean growing season area-scaled N 2 O emissions during [2008] [2009] [2010] with sidedress N application were 0.69 and 0.81 kg N ha −1 in the CT and NT, respectively. In a previous 3-yr study at the same site during [2005] [2006] [2007] where urea was applied before planting at the same rate, mean emissions were 28 to 50% greater (1.04 kg N ha
) under a tillage regime that was intermediate in intensity between CT and NT . Total precipitation amounts during the two 3-yr periods were within 1%.
Nitrogen Use Effi ciency
Aboveground N yields were greatly reduced in the NT-control treatment, particularly in the drier years of 2008 (80 kg N ha −1 ) and 2009 (75 kg N ha −1 ). Because the NFRE calculation is based on the diff erence between the fertilized and control treatments, these low N yields skewed the NFRE calculation in favor of NT compared with CT. Th is suggests that the NT treatments used fertilizer N more effi ciently compared with CT, even though NT had lower grain and N yields. It is likely that lower rates of soil organic matter mineralization in the NT soils resulted in a greater dependency on fertilizer N compared with CT soils and in the particularly low yields in the NT-control treatments. Th is idea is supported by the greater soil N intensity found in CT, which is consistent with a previous study that found greater soil NO 3 − concentrations in CT compared with NT (Grandy et al., 2006) . Th e low N yields in the NT-control treatments in 2008 and 2009 also resulted in these data not conforming to the exponential rise functions relating N surplus to yield-scaled emissions (Fig. 7) . Without these data points, our results are consistent with the meta-analysis fi ndings of Van Groenigen et al. (2010) and similarly suggest that as N surplus exceeds zero, yield-scaled N 2 O emissions increase exponentially. Our data showed lower emissions than Van Groenigen et al. (2010) at a given level of N surplus. Th is diff erence could have resulted from the conservative N management practices (i.e., sidedress application timing) used in the current study. However, other model parameters (i.e., the two coeffi cients in the exponential term [ Fig. 7] ) were similar to those found by Van Groenigen et al. (2010) .
Yield-scaled Emissions
Th e few studies directly reporting yield-scaled N 2 O emissions in grain production systems report a range of values varying over approximately one order of magnitude. Our yield-scaled emissions were in the range of 46 to 100 g N Mg −1 grain (Table  2) , which is similar to the range (31-67 g N Mg ) reported by Halvorson et al. (2010a) in a study of CRFs in irrigated corn in Colorado. Th ese values are more than 10 times less than values (1.3-2.0 kg N Mg −1 ) reported by Gagnon et al. (2011) in a clay soil receiving sidedress N applications for rainfed corn in eastern Canada. In a rainfed wheat system in China, grain yields of 2 to 6 Mg ha −1 combined with area-scaled N 2 O emissions of 2 to 4 kg N ha −1 resulted in yield-scaled emissions of 1.0 to 2.5 kg N Mg −1 (Wei et al., 2010) . Even fewer studies have reported N 2 O emissions per unit of grain N yield. Th e range found here (4-11 g N kg −1 N) ( Table 2) is about 10 times less than the range (50-150 g N kg −1 N) reported by Wei et al. (2010) . Expressing N 2 O emissions on a yield-scaled basis provides additional information for evaluating overall GHG impacts. For example, based on the current fi ndings, if the same amount of grain were produced using NT and CT, then the NT system would emit 53% more N 2 O compared with CT under the same fertilizer regime and would require additional land area to produce the same amount of grain. Th e same considerations would apply to cases of yield increases or to practices besides tillage that can potentially aff ect yields and N 2 O emissions. For example, Rochette et al. (2008b) noted that using manure as a fertilizer N source decreased silage corn yields and increased area-scaled N 2 O emissions compared with synthetic fertilizer, although yield-scaled emissions were not directly reported.
Conclusions
Neither of two CRFs decreased N 2 O emissions compared with CU, but they reduced soil NO 3 − even when all sources were applied several weeks after planting. Th erefore, these CRFs could have water quality and GHG benefi ts because leached NO 3 − can be converted to N 2 O. However, the PCU results show that the eff ectiveness of certain CRFs to reduce N 2 O emissions may have limits depending on timing of application and climate factors. Area-scaled N 2 O emissions were not signifi cantly aff ected by tillage. However, when expressed per unit yield of grain, grain N, or total aboveground N, N 2 O emissions with NT were 52, 66, and 69% greater, respectively, compared with CT. Th us, in this cropping system and climate regime, production of an equivalent amount of grain using NT would generate signifi cantly more N 2 O compared with CT. Across all treatments, yield-scaled emissions in this study were equivalent to 0.4 to 1.1% of the N harvested in the grain. Additional data of this type could help in making larger-scale GHG emissions assessments by relating N 2 O emissions to current and projected grain production rates. 
